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Abstract—This paper presents the performance evaluation 
of Direction of Arrival (DOA) estimation techniques such as 
Root-MUSIC, Root-WSF and Beamspace-ESPRIT (BS-
ESPRIT) algorithms under common Wi-Fi conditions such as 
operating in the IEEE radio frequency spectrum of 5 GHz band, 
the presence of noise and correlated, closely sourced signals. In 
addition, we will consider the computational time required for 
these algorithms to complete the estimation process. Results 
have shown that the 3 techniques provide a mean of 98.8% 
accuracy in detecting closely-sourced signals. Although Root-
WSF has the longest average computational time of 36.7ms as 
opposed to BS-ESPRIT and Root-MUSIC at 29.4ms and 22.5ms 
respectively, Root-WSF technique performed best overall 
especially in detecting coherent signals with 99.78% accuracy as 
compared to BS-ESPRIT at 95.27% and Root-MUSIC at 
64.77%. 
Index Terms—Antenna Array, Direction-Of-Arrival, Wi-Fi. 
I.  INTRODUCTION  
A. Overview & Motivation 
Over the recent years, the direction of arrival (DOA) 
estimation has been considered a crucial field in signal 
processing with applications such as mobile communication, 
marine communication, space communication & localization, 
radar surveillance, vehicle auto-navigation & avoidance and 
medical diagnosis [4] [5] [17] [19]. Coupled with an antenna 
array and beamforming technology to form a smart antenna, 
these systems have gained a positive reputation due to its 
ability to have adaptive radiation pattern, high directivity gain 
as compared to a conventional omnidirectional antenna and 
multipath signal attenuation [1] [2] [15]. 
With Wi-Fi systems in the IEEE 802.11 protocol enabling 
smart cities and infrastructures, there is a need for the 
development of simplified smart antennas to cater to the 
exponential growth of wireless usage by improving the 
wireless transmission efficiency as discussed in [6] and [16]. 
Ruckus Wireless – a company that develops wireless Access 
Points (AP) has developed the “Beamflex+” adaptive antenna 
technology which enables antennas to adapt to client device 
orientation in addition to client device location. This is done 
by adapting the individual antenna's radiation patterns 
together with physical data rates which minimize interference 
and increase system capacity [25]. 
Some of the wireless infrastructure examples are wireless 
hotspot in crowded areas such as in shopping malls and in 
public transportation networks such as trains and buses. To 
that end, a robust and accurate DOA technique must be 
employed to cater to the high usage of a wireless network to 
reduce wireless traffic congestion and improve efficiency 
without sacrificing the data bandwidth as much as possible. 
B. Existing Work & Progress for DOA Techniques 
There has been an increase in demand for research for a 
DOA-enabled smart antenna system – typically in the 
transportation market. One example would be in [18] where 
a measurement campaign was carried out in high-speed train 
(HST) environment where the downlink (Access Point to 
Client) signals was deployed along an HST railway. The 
DOA were estimated based on the Space-Alternating 
Generalized Expectation-maximization (SAGE) principle by 
the construction of a virtual antenna array constructed based 
on the knowledge of the train speed by exploiting the 
characteristics of the Doppler frequency trajectory and least-
square method. [18] only carried out the test in the third 
generation (3G) Universal Mobile Telecommunications 
System (UMTS) frequency band of 2-3 GHz Results 
demonstrated reasonable estimation using the SAGE 
principle. However, this technique is deemed complex as it 
requires parallel computation of geometrical parameters of 
the train, formation of a virtual antenna array and DOA 
algorithm application.  
Another example would be in [20] which employs a 12-
element Electronically Steerable Parasitic Array Radiator 
(ESPAR) antenna designed for DOA estimation as part of a 
railway control system. The DOA techniques employed was 
the cross-correlation and MUSIC algorithm. It was 
discovered in [20] that the technique employed in 
combination with ESPAR is susceptible to residual in-band 
interference which results in a broad and a less precise DOA 
estimation.  
C. Proposed Solution 
In this paper, we will focus on determining a suitable 
subspace-based DOA estimation technique which is 
applicable for the Wi-Fi frequency band with real-world 
scenarios which are the Root-MUSIC, Root-WSF and BS-
ESPRIT techniques. It was shown in works of literature that 
subspace methods can evaluate DOA at a faster and accurate 
pace [17] [22]. Evaluation is based on high operating 
frequency performance corresponding to 5 GHz Wi-Fi band, 
closely-sourced signals, computational time and accuracy in a 
coherent condition.  
It has been shown through simulation in this paper that the 
Root-WSF technique is the most applicable in terms of 
performance. However, further improvements to the Root-
WSF technique needs to be implemented due to the higher 
computational time in comparison with the Beamspace-
ESPRIT and Root-MUSIC technique. 
D. Organisation Of This Paper 
This paper is organized into 5 sections. Section II provides 
an overall view of the system design and the DOA 
algorithms. Section III provides an explanation of the 
evaluation criterion and why the criteria are important for Wi-
Fi application. Section IV and V presents the simulation 
results and conclusion for future works respectively. 
II. SMART ANTENNA DESIGN & DOA TECHNIQUES  
A. System Design 
In this section, a simplified 4-element Uniformed Linear 
Array (ULA) is defined for the smart antenna system. We 
assume that only azimuth information is required for the 
tracking of signal source with no elevation changes. As in real-
world application in the implementation of a smart antenna 
system for a smart transportation market, there aren't much 
elevation changes. One example would be that the height 
between a mounted AP to the track always remains the same. 
Any slight deviation changes to the elevation can be countered 
by a wider main-lobe beamwidth.  
It has been shown in [24] that the ULA geometry provides 
superior performance as compared to other arrays like 
Uniformed Rectangular Array (URA) and Uniformed Circular 
Array (UCA) especially in the smart infrastructure application 
such as the HST. 
With reference from figure 1, the array elements are 
equally spaced by a distance d, and a plane wave arrives at the 
array from a direction of θ off the array broadside.  
 
Figure 1: 4-Element ULA Model 
 As in [21], the total signals received by the antenna array 
elements is expressed as: 
ࢄ(ݐ) = ܵ(ݐ) + ࡺ(ݐ) (1) 
 
 Or in its compact vector form for a 4-element ULA as: 
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 Alternatively, the array output can be represented as: 
࢞(ݐ) = ෍ࢇ(∅௞)ݏ௞(ݐ) + ࢔(ݐ)
ே
௡ୀଵ
	 (3) 
 Where x(t) is the vector of signals received by the array 
antenna, N is the number of signal source, sk(t) is the signal 
emitted by the kth source as received from the reference sensor, 
ࢇ(∅௞) is the steering vector towards the direction of ∅௞ and 
n(t) is the noise vector.  
B. DOA Estimation Algorithms 
The primary objective of the DOA algorithms is to collect 
the incoming signal source data received from the antenna 
array and estimate the direction of the signal source relative to 
the array's location.   
1) Root-MUSIC Algorithm 
The Root-MUSIC technique is a modification to the 
MUSIC algorithm proposed by Schmidt [3] and is based on 
polynomial rooting from the noise subspace which provides 
higher angular resolution. However, it is only applicable to a 
uniformed linear array [14]. The expression of the Root-
MUSIC technique as shown in [17] can be presented as: 
௥ܲ௢௢௧௠௨௦௜௖(ߠ) =
1
|ܽ(ߠ)ு࡯ܽ(ߠ)|	 (4) 
 
Where ܽ (ߠ) is the steering vector and C is a Hermitian matrix 
given as: 
 
࡯ = ࢁ࢔ࢁ࢔ࡴ	 (5) 
 
Where ࢁ࢔ is the noise subspace. The poles of the MUSIC 
pseudospectrum is the corresponding roots that lie closest to 
the unit circle. With reference from [27], DOA is calculated 
by: 
ߠ௜ = 	 sinିଵ ൬
ܫ݉(݈݋݃ݖ௜)
݇݀ ൰	 (6) 
Where, ݖ௜ = ݁௝
మഏ
ഊ ௗ ୱ୧୬ఏ  and ݇ = ଶగఒ  
2) Root-WSF Algorithm 
Another technique that can be employed for DOA 
estimation would be the Root-weighted subspace fitting 
(Root-WSF) algorithm. With the capability to detect coherent 
signals such as in a multipath environment, this is one of the 
most sought out technique to employ – especially in a Wi-Fi 
environment where the multipath environment is common. 
However, it is important to note that this technique is iterative 
to obtain its accuracy and differentiate coherent signal source 
and therefore it is demanding in terms of computational 
complexity leading to a longer computational time. Details of 
the Root-WSF algorithm can be found in [7][8]. This 
technique has been chosen for this paper as past works of 
literature have proven that it provides good angular resolution 
and multipath attenuation. As analyzed by [13], it has been 
shown that the root-WSF technique provides good resolution 
performance. 
3) Beamspace-ESPRIT Algorithm 
The beamspace-ESPRIT algorithm is a method of 
reducing computational complexity which derives from the 
ESPRIT algorithm. This approach solves a subspace DOA 
estimation problem with reduced dimensions in beamspace. 
The main drawback of this technique is that it always 
requires a priori knowledge of the sector where the signals 
are located to position the center of the output beam fan. More 
details regarding the Beamspace-ESPRIT algorithm can be 
found in [9] [10]. This technique was chosen for the analysis 
as it has been shown in past works of literature such as [26] 
presenting significant computational savings and 
performance.  
III. EVALUATION CRITERION 
In an actual wireless communication scenario, propagated 
signals are susceptible to changes due to the medium 
environment, signal correlation, multipath attenuation as well 
as noise. The evaluation criterion is modeled like [13] and 
[23]. For the performance evaluation of DOA algorithms, we 
set the following criteria represented as follows: 
A. Low Frequency & High-Frequency Performance 
Typically, in a 5 GHz Wi-Fi scenario, there is a list of 
channels that can be selected in accordance with the 802.11ac 
wave 2 protocol. The different channel will have different 
performance levels. For example, one channel may be noisier 
and/or congested than another. The frequency of a signal 
directly influences the DOA performance. At low frequency, 
it was proven that we can achieve good coherence and well-
correlated signals while on high frequency, we can have bad 
coherence and uncorrelated signals. 
B. Closely-Sourced Signal Performance 
In real-world wireless communication environment, 
sources can be close to each other. For example, a user may 
be connected via Wi-Fi with their phone and laptop at the 
same time. Therefore, this evaluation criterion is necessary to 
determine the DOA algorithm with high precision and 
accuracy. For this part, the variance of each sample is taken 
which is expressed as: 
ܸ = 1ܰ − 1෍|ܣ௜ − ߤ|
ଶ
ே
௜ୀଵ
	 (7) 
Where V is the variance value, N is the number of observation 
sample, A is the estimated DOA data and ߤ is the mean of A 
which is expressed as: 
ߤ = 1ܰ෍ܣ௜
ே
௜ୀଵ
	 (8) 
C. Computational time 
Computational time taken is crucial especially in real-
world wireless communication scenario especially in a 
scenario where fast-tracking of the signal source is required. 
Theoretically, we want faster computational time without 
sacrificing angular resolution accuracy. However, in practice, 
this may not be the case as most of the time, DOA techniques 
are either accurate or fast – hardly both at the same time. This 
criterion will allow us to observe which technique is the 
fastest and correlate the results to accuracy to select the best 
one for real-world application. 
D. Coherent Signal Source Performance 
A coherent signal can be defined as a signal that shares 
similar properties with another signal source in terms of phase 
and magnitude. It can also be defined as a signal where there 
is a strong statistical correlation between samples. 
An incoherent signal represents a signal where any sample 
correlation has been removed – or in other words, every 
sample taken is different than one another.  
If several sources are coherent as in a multipath 
environment, the spatial covariance matrix becomes rank 
deficient and thus, subspace-based DOA estimation technique 
that relies on the covariance matrix will fail to localize signal 
source accurately. One of the common situations where 
coherent signals would occur in a Wi-Fi environment would 
be multipath attenuation [11] which must be addressed for 
accurate DOA estimation.  
IV. SIMULATION RESULTS 
To evaluate the performance of the DOA algorithms, we 
assume the following standard model which is based on [12]: 
• Number of elements: 4 
• Element spacing: 27.25mm 
• Number of samples: 1024 
• Noise Power: -20dBW/0.01W 
 
For the number of signal source, it is assumed that this 
value is known a priori (number of clients does not change 
per detection). As for the array element spacing, it is assumed 
to be fixed as in real-world application and can perform 
across multiple Wi-Fi channels. In this case, element-spacing 
half wavelength of 5500 MHz operating frequency. Noise is 
assumed to be an Additive White Gaussian Noise (AWGN) 
at 0.01W/-20dBW power considering propagation and cable 
loss. All simulation ran for 500 times and tabulated as mean 
values across all iteration unless otherwise stated. The 
simulation was performed using Matlab R2018b.  
A. Low frequency vs high frequency in 5 GHz Wi-Fi band 
This section presents an evaluation of DOA algorithms 
with varying operating frequencies. For the simulation, we 
assume to use the 5 GHz Wi-Fi band regulated in Singapore 
which ranges from 5160 MHz to 5845 MHz. The results of 
the simulation can be found in table 1. The 3 DOA tested are 
-45◦, 10◦ and 45◦. 
 
Table 1: Varying Operating Frequency Performance 
-45 10 45 -45 10 45 -45 10 45
5160 MHz -45.01 10.01 45.141 -45.01 10.01 45.138 -45.1 9.98 45.115
5500 MHz -45.01 10.01 45.115 -45.001 10.01 45.112 -45.06 9.997 45.103
5845 MHz -45.001 10.007 45.09 -45.0004 10.0068 45.0882 -45.036 9.991 45.0942
Root-MUSIC Root-WSF Beamspace-ESPRIT
Based on the simulation results in the table, all 3 
techniques can estimate the true direction of arrival. The 
Root-MUSIC and Root-WSF algorithms perform similarly at 
the lowest operating frequency. Both algorithms perform 
much better than the Beamspace-ESPRIT technique in terms 
of its resolution accuracy.  
However, at higher operating frequency, we can see that 
the results deviate slightly between Root-MUSIC and Root-
WSF. At high frequency, the root-WSF technique performs 
much better than Root-MUSIC and BS-ESPRIT.  
B. Closely-Sourced Signals 
Consider a scenario where the signal sources are closely 
spaced within one another. For this section, we assume the 
same standard model parameters. The operating frequency is 
fixed at 5500 MHz. In addition, we also assume that the array 
is receiving 2 signal sources at the same time. The 2 sources 
are spaced and simulated at 8◦ and 4◦ apart. 
    
Figure 2 (top left) & 3 (top right): Variance level of 8 degrees 
spacing and 4 degrees spacing respectively 
 
Table 2: 8 Degree Separation Performance 
 
Table 3: 4 Degree Separation 
 Based on the simulation results, we observe that all 
techniques can estimate sources that are closely spaced apart. 
Based on the variance results, we can see that the Root-WSF 
technique performs slightly better at 8 degrees spacing while 
the Root-MUSIC technique performs better at 4-degree 
spacing at a small margin.  The BS-ESPRIT technique 
performs worst overall in both cases as compared to Root-
MUSIC and Root-WSF.  
C. Computational time performance 
In this section, the computational time performance is 
being evaluated across the 3 DOA techniques. For this 
scenario, we assume the same standard model with an 
operating frequency of 5500 MHz. In addition, the array is 
only receiving 1 signal source. 
 
 
Table 4: Computation Time Performance 
 Based on the simulation results tabulated in the table 
above, we can see that Root-MUSIC is the fastest in terms of 
computational time, followed by the BS-ESPRIT and the 
Root-WSF technique. This is in line with the theory that 
accuracy comes at the expense of computational time. This is 
since the Root-WSF technique is iterative in obtaining the 
DOA and therefore the most computational complex. 
However, in almost all cases, the Root-WSF technique 
provides the best overall performance in terms of accuracy. 
D. Coherent Signal Source Performance 
If several sources are coherent such as in terms of a 
multipath scenario, the spatial covariance matrix will become 
rank deficient and will cause subspace-based DOA 
estimation technique to fail. To ensure robustness, DOA 
techniques must be able to perform in a coherent 
environment. 
In this coherent signal source scenario, we assume that 
there are 2 signal sources with a true DOA of 20◦ and 45◦. We 
employ the same standard model as before with an operating 
frequency of 5500 MHz. To simulate a multipath 
environment, we assume that 1 of the 2 signals are the 
multipath reflection of the first source with a magnitude of ¼ 
of that first source. 
 
 
Figure 4: DOA Detection in Coherent Signal Environment 
 
Table 5: Coherent Signal Source Performance 
With reference from figure 4 and table 5, we can see that 
the Root-WSF algorithm performs the best as compared to 
the Root-MUSIC and BS-ESPRIT technique with a mean 
accuracy of 99.78% as compared to 64.77% and 95.27% 
respectively. We can observe in the context of correlated 
signals, Root-MUSIC will fail. This is because, for the Root-
MUSIC and all the derivatives of the MUSIC algorithm, it 
can only estimate if sources are uncorrelated which is true in 
accordance with literature studies. 
V. CONCLUSION & FUTURE WORK 
The main objective of this paper is to find the best DOA 
algorithm that performs well under Wi-Fi condition using a 
simplified ULA array. This will lead to optimal performance 
with lower manufacturing costs in fabricating the hardware 
True DOA 37 45 37 45 37 45
Spaced 8 degrees 37.349 44.934 37.342 44.942 37.279 44.879
Variance 0.025 0.0281 0.0249 0.028 0.0324 0.038
Root-MUSIC Root-WSF Beamspace-Esprit
True DOA 41 45 41 45 41 45
Spaced 4 degrees 41.912 45.016 41.875 45.051 41.772 44.872
Variance 0.126 0.148 0.127 0.149 0.182 0.224
Root-MUSIC Root-WSF Beamspace-Esprit
Computational Time
Root-MUSIC Root-WSF Beamspace-Esprit
22.5ms 36.7ms 29.4ms
20 45 20 45 20 45
Coherent Signal Source 23.636 -21.476 20.011 45.175 19.374 42.152
Root-MUSIC Root-WSF Beamspace-ESPRIT
required for the smart antenna to be used in a Wi-Fi 
environment.  
According to the performance analysis and evaluation 
carried out in this paper, we can conclude that the best overall 
performing DOA estimation algorithm would be the Root-
WSF algorithm with respect to the performance criterion. It 
has the capability to detect signals accurately in a multipath 
environment, optimal performance across the 5 GHz Wi-Fi 
frequency band as well as performing well in a closely-source 
signal environment which is crucial in a Wi-Fi application. 
Although the computational time is longer as compared to 
the Root-MUSIC and BS-ESPRIT algorithm, the benefit 
outweighs the disadvantage of having a slightly longer 
computational time. This can be resolved by adaptively 
changing the iteration with just enough cycles to obtain the 
most accurate DOA estimation.  
As part of future work, we will explore the hardware 
implementation of the DOA algorithm in Wi-Fi condition. 
This will provide more realistic results as compared to the 
simulation when actual noise is a significant factor. In 
addition, we will also explore the possibility of improving the 
Root-WSF algorithm by automatically controlling the 
iterative step which is causing longer computational time.  
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